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ABSTRACT
Physical properties of Damped Lyman-α absorbers and their evolution are closely related to
galaxy formation and evolution theories, and have important cosmological implications. H i
21 cm absorption study is one useful way of measuring the temperature of these systems. In
this work, very strong constraints on the temperature of two Damped Lyman-α absorbers at
z > 3 are derived from low radio frequency observations. The H i spin temperature is found
to be greater than 2000 K for both the absorbers. The high spin temperature of these high-
redshift systems is in agreement with the trend found in a compilation of temperatures for
other Damped Lyman-α absorbers. We also argue that the temperature – metallicity relation,
reported earlier in the literature, is unlikely to be a spurious line of sight effect, and that the
redshift evolution of the spin temperature does not arises due to a selection effect. All of these
are consistent with a redshift evolution of the warm gas fraction in Damped Lyman-α systems.
Key words: galaxies: high-redshift – galaxies: ISM – ISM: evolution – ISM: general – radio
lines: ISM.
1 INTRODUCTION
Damped Lyman-α (DLA) absorbers are very important probes of
neutral hydrogen (H i) in the distant Universe. These high H i col-
umn density structures (NHI & 2 × 1020 cm−2), seen against the
quasar continuum emission, are believed to contain most of the
neutral gas at high redshift, and are supposed to be the main sites
of star formation and the precursors of galaxies. A detailed study
of the physical conditions of these high column density systems is,
therefore, necessary for understanding galaxy formation and evo-
lution and the large scale structure of the Universe. DLAs are also
useful tools to address cosmological problems (e.g., the evolution
of fundamental constants; Wolfe et al. 1976; Srianand et al. 2010).
In spite of the significant amount of work already done
on this subject, properties of DLAs, such as density, H i
temperature, structure and size, are still unsettled (e.g.,
Wolfe, Gawiser & Prochaska 2005). The issue of redshift evolution
of these properties is also controversial (Kanekar & Briggs 2004;
Wolfe, Gawiser & Prochaska 2005; Kanekar, Chengalur & Lane
2007). One particular interesting issue in this regard is the tem-
perature of the absorbing gas. Radio frequency observations of
redshifted H i 21 cm absorption lines from DLAs, against suitable
background radio continuum sources (e.g. radio loud quasars),
are widely used to constrain the spin temperatures (Ts). It has
⋆ E-mail: nirupam@mpifr-bonn.mpg.de
been argued that the derived values show a trend of high Ts at
higher z, but both high and low value of Ts are observed at low
z. Processes like collision and resonant scattering of Lyman-α
photons generally couple Ts with the kinetic temperature, Tk (Field
1958). So a higher Ts implies a higher average Tk of the neutral
gas, or equivalently a smaller fraction of cold gas, at high z. If
true, this may be a very important constraint in galaxy evolution
models. However, this trend is so far deduced mostly from low
redshift measurements and a few lower limits of Ts based on
non-detection of H i 21 cm absorption at higher redshift (e.g.,
Kanekar & Chengalur 2003; Kanekar, Chengalur & Lane 2007).
It is also possible that the compact reservoirs of H i observed
against large radio continuum sources have covering factors
smaller than the assumed value of unity, so Ts smaller than those
reported (Curran et al. 2005; Curran & Webb 2006). Alternatively,
the optical and radio lines of sight could be drastically different
(Wolfe, Gawiser & Prochaska 2003). Moreover, there are con-
tradicting evidences of both cold and warm gas in high redshift
DLAs (e.g., Carilli et al. 1996; de Bruyn, O’Dea & Baum 1996;
Briggs, Brinks & Wolfe 1997; Wolfe, Gawiser & Prochaska 2003;
Howk, Wolfe & Prochaska 2005; Kanekar, Chengalur & Lane
2007; York et al. 2007; Howk, Wolfe & Prochaska 2005;
Srianand et al. 2010; Carswell et al. 2012; Kanekar et al. 2013),
which are not consistent with any strong trend. Given the impor-
tance of these results in galaxy evolution models, it is necessary to
address these issues critically and in much greater details.
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Naturally, the main problem here is the lack of H i 21 cm ab-
sorption studies and detections at higher redshift. Most such stud-
ies are focused on low redshift (e.g., Chengalur & Kanekar 2000;
Kanekar & Chengalur 2001). To our knowledge, there are only four
reported detections of 21 cm absorption at z = 2 − 3 (Wolfe et al.
1985; Kanekar et al. 2006; York et al. 2007; Kanekar et al. 2009b,
2013) and just two cases of confirmed detection at z > 3: to-
wards PKS 0201 + 113 (z = 3.388, de Bruyn, O’Dea & Baum
1996; Briggs, Brinks & Wolfe 1997; Kanekar, Chengalur & Lane
2007) and towards J1337 + 3152 (z = 3.174, Srianand et al. 2010,
2012). In light of this, we have started a program of very deep ob-
servations of high redshift DLAs with the Giant Meterwave Ra-
dio Telescope (GMRT; Swarup et al. 1991) in an attempt to in-
crease the number of such observations at z > 3; our goal is to
constrain Ts and to address some of the above mentioned issues
systematically. High sensitivity of the telescope, and the spatial
and spectral resolution of the instrument make GMRT suitable
for this project. Note that the GMRT 325 MHz receiver covers
the H i 21 cm line for a redshift range of z ≈ 3.2 − 3.6. The
Sloan Digital Sky Survey (SDSS) damped Lyman-α survey cata-
logue (Prochaska, Herbert-Fort & Wolfe 2005; Prochaska & Wolfe
2009) is used to identify a total of 63 sources in this redshift range
and log(NHI) & 20.7. Out of these, 7 have radio continuum counter-
part detected in the NRAO VLA Sky Survey (NVSS; Condon et al.
1998), so are suitable for H i 21 cm absorption studies. In this Let-
ter we report results for two sources from this sample for which
we have carried out deep GMRT observations and analysis. These
sources are J080137.68 + 472528.2 and J001115.23 + 144601.8. In
§2, the details of the observations and data analysis are outlined,
while the results are in §3. A brief discussion on the implications
of the results are in §4, and the conclusions are presented in §5.
2 TARGETS, OBSERVATIONS AND DATA ANALYSIS
J080137.68 + 472528.2 is a quasar at zem = 3.27558, with a 1.4
GHz flux density of 78.8 mJy (from NVSS). The DLA system to-
wards this background source is at a redshift of zabs = 3.2228 with
log(NHI) = 20.70. The second source, J001115.23 + 144601.8 is at
zem = 4.96717 with NVSS S 1.4 GHz = 35.8 mJy, and the DLA sys-
tem is at zabs = 3.4523 with log(NHI) = 21.65. For the first source,
the flux density at 325 MHz from the Westerbork Northern Sky
Survey (WENSS; Rengelink et al. 1997) is ∼ 160 mJy, but the field
of the second source was not covered by WENSS.
The GMRT observations were carried out during observing
cycle 20 (Project ID 20 026) on 2011 May 20-27. A total of 72
hours of observing time was scheduled for these two sources, but
some of the observing runs were affected by bad weather. As a
result, additional 24 hours of reobservation time was scheduled on
2012 February 7-8. The effective on-source time was ∼ 30 hours
per source, and the rest (about 15%) was spent on observation setup
and calibration overheads.
For these observations, we used the GMRT 325 MHz re-
ceiver with a baseband bandwidth of 1 MHz (centred at the red-
shifted H i frequency for the corresponding zabs value) divided
into 256 spectral channels. This resulted in a spectral resolution
of ∼ 3.6 km s−1 and a total bandwidth coverage of ∼ 900 km s−1.
Standard calibrators, 3C 147, 3C 286, and 3C 48, were observed
to calibrate the flux density scale. Two more calibrator sources,
0834+555 and 2340+135, were also observed as phase calibrators
for J080137.68+472528.2 and J001115.23+144601.8 respectively.
Standard data reduction and analysis were carried out using
the Astronomical Image Processing System of the National Ra-
dio Astronomy Observatory (NRAO AIPS). Bad data were care-
fully flagged before flux, phase and bandpass calibrations. A very
stable spectral bandshape is required to detect any weak H i ab-
sorption line. Hence, the strong phase calibrators, along with all
the flux calibrators, were also used for bandpass calibration, and
an interpolated bandpass solution was applied to the target source
data. The flagged and calibrated data for the same source from
multiple days of observing runs were then combined together and
self-calibrated using the initial continuum image. The final con-
tinuum flux density was found to be ∼ 169 mJy, in good agree-
ment with the WENSS flux density, for J080137.68+472528.2. For
J001115.23+144601.8, however, we found two more point sources
very close to the target (within the NVSS synthesized beam, and
hence unresolved by NVSS); the flux density of the target quasar
is only ∼ 24 mJy. The continuum subtracted data were then used
to produce the spectral image cubes, and the spectra were extracted
for both the lines of sight from the corresponding positions of the
unresolved continuum sources. Finally, the measured continuum
flux densities were used to convert the flux density spectra to opti-
cal depth spectra assuming a covering factor of unity.
3 RESULTS
The final spectra for both the lines of sight are shown in Figure 1.
With the long integration time on each source, we reached very
good (sub mJy per < 4 km s−1) RMS noise sensitivity limits, but
H i 21 cm absorption is not detected towards either of these lines
of sight. The spectral RMS noise values are ∼ 0.83 mJy per ∼ 3.8
km s−1 for J001115.23 + 144601.8, ∼ 1.2 mJy (May 2011) and
0.88 mJy (Feb. 2012) per ∼ 3.6 km s−1 for J080137.68 + 472528.2.
The final RMS optical depths at these velocity resolutions are 0.004
and 0.033 for J080137.68 + 472528.2 and J001115.23 + 144601.8
respectively. Based on the known H i column densities from SDSS
for these DLA systems, one can now constrain the spin temperature
Ts. We use the standard relation
NHI = 1.823 × 1018
Ts
fc
∫
τdv (1)
where fc is the covering factor, and assume that the integral is over
a Gaussian profile with a full width at half maximum (FWHM) of
∆v km s−1. The RMS optical depths finally translate to 3σ lim-
its of Ts/ fc > 3453 × (10/∆v)1/2 and > 3723 × (10/∆v)1/2 K for
J080137.68 + 472528.2 and J001115.23 + 144601.8 respectively.
Neither of the target sources, unfortunately, have reported
Very Long Baseline Interferometry (VLBI) observations, which are
critical to measure fc and break the degeneracy between Ts and fc.
However, based on a sample of 26 background radio sources with
foreground DLAs, Kanekar et al. (2009a, 2013) reported a median
covering factor of 0.625, with a minimum value of 0.3 and no sig-
nificant trend with z. Adopting fc = 0.625 and ∆v = 10 km s−1, the
current non-detection limits will imply Ts > 2158 and > 2326 K
for these two systems. Even for fc = 0.3, Ts for both the systems
are above 1000 K. Note that an FWHM ≈ 10 km s−1 corresponds
to pure thermal broadening for ∼ 2000 K gas.
To compare the present limits with measurements or limits of
Ts from earlier similar observations, we have compiled informa-
tion from the literature reporting the redshifted H i 21 cm absorp-
tion studies of high redshift (z > 2) DLAs. In the redshift range
of 2.031 − 3.4523 (that is, the age of the universe ∼ 1.9 − 3.3
Gyr for standard cosmological parameters H0 = 71 km s−1Mpc−1,
c© 2013 RAS, MNRAS 000, 1–6
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Figure 1. The observed optical depth spectra towards J080137.68 + 472528.2 (left) and J001115.23 + 144601.8 (right) showing non-detection of H i 21 cm
absorption from DLAs at z = 3.2228 and 3.4523 respectively. The (green) horizontal lines show the 1σ range of optical depths ±0.004 and ±0.033 for the two
spectra respectively.
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Figure 2. All z > 2 DLAs with Ts measurements or limits from the litera-
ture in redshift – column density parameter space. The open circles are the
only six cases of detection of H i absorption (with known fc). Triangles are
sources with Ts limits: open triangles for known fc and filled triangles for
unknowns. Filled circles are the two from this work (with unknown fc).
ΩM = 0.27 and ΩΛ = 0.73), we found 6 reported detections and 30
(including the two from this work) non-detections of H i absorption
(Wolfe et al. 1985; Carilli et al. 1996; de Bruyn, O’Dea & Baum
1996; Briggs, Brinks & Wolfe 1997; Kanekar & Chengalur 2003;
Kanekar et al. 2006; Kanekar, Chengalur & Lane 2007; York et al.
2007; Kanekar et al. 2009b; Curran et al. 2010; Srianand et al.
2010, 2012; Kanekar et al. 2013) with the value (or the limit) of
Ts (or Ts/ fc) in the literature. For all six cases of detection and 16
of the non-detections, the covering factor fc is also available. The
median value of fc is 0.65 for this sample of 22 sources, and there
is, again, no statistical trend with redshift. For the other 14 sources,
we used the median value of fc = 0.65 to estimate, in a statistical
sense, the expected Ts limits from the Ts/ fc limits. If, for a given
source, multiple estimates are available in the literature, we used
the most updated, sensitive and best estimate. Figure 2 shows the
redshift and column density distribution of the whole sample. We
note a selection trend here, though based on a small number statis-
tics: radio observations for H i absorption studies appear to have
targeted low N(H i) systems at the lower end of the z > 2 redshift
range, but both low and high N(H i) systems at higher redshifts. It is
worth remembering that the target selection criteria are very differ-
ent in different studies, and hence the collated sample is expected
to be significantly heterogeneous as well as incomplete.
A comparison of our Ts limits with other Ts measurements and
limits are shown in Figure 3. The Ts values with redshifts and H i
column densities are shown in the left and the right panel respec-
tively. The two filled circles, showing the limits from the present
work, near the top right corner of the left panel are evidently very
strong constraints on Ts at the high z end. The dotted lines in
both the panels of Figure 3 approximately mark the lower enve-
lope of the measured Ts values and limits; this suggests that the
minimum Ts increases with both z and N(H i). However, this con-
clusion comes dominantly from H i non-detections, and only few
measurements. More such deep observations to constrain Ts tightly
for more DLAs and to improve the statistical significance are cer-
tainly required to draw any definitive conclusions.
Finally, we note that in near future the new and upcoming
low frequency telescopes will mediate a significant progress in this
field. In particular, in about an year, the ongoing upgradation of the
GMRT will offer a seamless frequency coverage of ∼ 50 − 1500
MHz, and a slightly better sensitivity at . 1000 MHz due to im-
proved low noise amplifiers (LNAs). These will make a larger red-
shift window available for H i 21 cm observations of DLAs, and
will expand the horizon of DLA studies.
4 DISCUSSIONS
4.1 Redshift evolution or local origin?
Redshift evolution of physical properties of the gas in DLAs
has been a topic of much discussion. If real, the observed trend
of higher average Ts at high z will imply a lower fraction of
cold gas at high redshift (e.g., Kanekar et al. 2009b), and may
have important implications regarding cosmic evolution of prop-
erties/morphologies of DLA host galaxies. Thus, the issue is
also related to the hierarchical galaxy formation models. Alterna-
tively, Curran et al. (2005) attributed it to a lower covering fac-
tor at high z. On the other hand, based on C ii∗ observations,
Wolfe, Gawiser & Prochaska (2003) argued for the presence of a
large fraction of cold gas in high z DLAs, and suggested that the
radio and optical lines of sight are completely different. However,
c© 2013 RAS, MNRAS 000, 1–6
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Figure 3. Ts measurements or lower limits as a function of redshift and H i column density for the z > 2 DLA sample. Legends are same as in Figure 2. The
detections are shown with standard errors for Ts. For unknown fc, the median value ( fc = 0.65) of the known fc sub-sample is adopted to statistically estimate
the expected Ts limit from the Ts/ fc limit. The dotted lines indicate plausible minimum Ts at different z and N(H i). See §3 and §4 for details.
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Figure 4. Equivalent velocity width (
∫
τdv) measurements or upper limits, corrected for fc, as a function of z and N(H i). Legends are same as in Figure 3
(triangles are inverted to indicate upper limits). For unknown fc, the median value of 0.65 is adopted. See §4 for details.
Kanekar et al. (2009a,b) argue that the observed trend is most likely
not caused by the above two reasons, and is due to a real evolution
of the cold gas fraction.
One crucial argument in this context comes from the observed
anti-correlation between Ts and metallicity (e.g., Kanekar et al.
2009b; Curran et al. 2010; Ellison et al. 2012). Srianand et al.
(2012), however, find no such anti-correlation, either due to pos-
sible redshift evolution or due to a small range of metallicity in
their sample. Kanekar et al. (2009b) noted that a mass-metallicity
relation in DLAs (see, e.g., Neeleman et al. 2013, for details) can
naturally result in a larger cold gas fraction due to efficient cooling
via metal line transitions for high metallicity systems, and leads
to the observed anti-correlation. While this reinforces the evidence
for an evolution of the cold gas fraction, Kanekar et al. (2009b) can
not completely rule out the possibility of a local origin of the rela-
tion due to significant metallicity gradients – a “line-of-sight effect”
of higher metallicity and lower temperature for sightlines passing
through the central regions and vice versa.
In this local origin scenario (i.e. if DLA hosts are large galax-
ies with internal metallicity and/or temperature gradients), one
would expect to see an anti-correlation between the H i column
density and the spin temperature as well. For example, in diffuse
H i of the Milky Way, Ts is higher for lower N(H i) sightlines.
This has been reported recently by Kanekar, Braun & Roy (2011)
from Galactic H i observations along 35 lines of sight. A simi-
lar anti-correlation is also evident for a larger sample of 79 lines
of sight from the millennium Arecibo 21 cm absorption-line sur-
vey (Heiles & Troland 2003). We do not see such anti-correlation
for DLAs. Rather, we see a weak correlation between N(H i) and
Ts (see Figure 3 right panel), which, we argue below, is probably
a “secondary correlation”. The number of measurements, particu-
larly at the high N(H i) end, in the current sample is too small to
draw any stronger conclusion at this point. However, the lack of any
N(H i) – Ts anti-correlation indicates that local origin is an incor-
rect explanation (for the reported anti-correlation between Ts and
metallicity).
4.2 Primary vs. secondary correlations
While discussing N(H i) – Ts correlation, it is important to re-
member that Ts is a derived quantity. In Figure 4 we instead show
the measurements or upper limits of directly observed quantities,
equivalent velocity width (
∫
τdv), with z and N(H i). There is a
weak indication of lower equivalent width at higher redshift, but
c© 2013 RAS, MNRAS 000, 1–6
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no significant correlation with N(H i) is evident in this plot. So,
the observed N(H i) – Ts “correlation” is consistent with random
equivalent velocity widths, and is most likely a secondary correla-
tion that arises because Ts is derived from observables
∫
τdv and
also N(H i) itself. Note that for a sample with a similar redshift
range, Srianand et al. (2012) also found no
∫
τdv – N(H i) correla-
tion, while Curran et al. (2010) reported a correlation for a sample
with a larger redshift range.
Is it possible that the redshift evolution of Ts is also a sec-
ondary correlation due to some selection effects? We have noted
from Figure 2, that the current sample consists of both low and
high N(H i) DLAs at high z, but selectively only low N(H i) DLAs
at low z. The SDSS full sample does not have this selection effect.
If Ts is approximately constant over the redshift range, one would
then, for this sample, expect a lower value of equivalent width at
low z, but a higher mean (and larger spread) at high z. In the data,
we see an opposite trend – a weak indication of an anti-correlation
between redshift and equivalent width. So, it seems that the redshift
evolution of the spin temperature (and/or of the equivalent width) is
real, and not merely a selection effect. We note that the interdepen-
dence N(H i) ∝ Ts ×
∫
τdv makes it hard to decide, from the very
limited sample, whether one of these correlations (spin temperature
and equivalent width with redshift) is “primary”, and the other one
arises only as a secondary effect, or if both have real physical sig-
nificance. There is some discussion in this regard by Kanekar et al.
(2009b) based on the argument that a primary correlation is ex-
pected to have higher significance. More observations and careful
comparison with theoretical models (e.g. with predicted spin tem-
perature and velocity spread from the hierarchical galaxy formation
models) are certainly required to address these issues.
5 CONCLUSIONS
We have presented results from low frequency radio observations
of two DLAs at z > 3. Based on non-detections of redshifted 21 cm
absorption, the spin temperature 3σ limits are > 2000 K for both
the systems. These are very strong limits for DLAs at such high
redshift. A compilation from the literature of Ts measurements and
limits for DLAs at z > 2 shows a clear indication of higher aver-
age gas temperature at high redshift. From the absence of N(H i)
– Ts anti-correlation, we conclude that the reported anti-correlation
between Ts and metallicity is unlikely to be a local, line of sight
effect. We also argue that the observed trend of higher Ts at high z
is neither a selection effect nor a derived secondary correlation, but
a true, physical evolution. This implies a smaller fraction of cold
gas in DLAs at high redshift, likely because of lower metallicity
at high redshift. Access to a larger redshift range in near future for
such studies will definitely be very useful.
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